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DIGITAL CALIBRATION CIRCUITS, 
DEVICES AND SYSTEMS INCLUDING SAME, 

AND METHODS OF OPERATION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is a continuation of pending U.S. 
patent application Ser. No. 1 1/599,889, filed Nov. 14, 2006. 
This application is incorporated by reference herein. 

TECHNICAL FIELD 

0002 This invention relates generally to integrated cir 
cuits and, more specifically, to embodiments of circuits and 
methods for adjusting the impedance of an externally acces 
sible output terminal. 

BACKGROUND OF THE INVENTION 

0003 Integrated circuits typically include a number of 
input/output terminals used for communication with external 
circuitry. Recently developed communication networks can 
now transmit signals between circuitry at a rate faster than the 
capacity of many integrated circuits. As data is transmitted at 
increasingly higher speeds, new circuitry and methods are 
needed to accurately transmit data between integrated circuits 
having varying transmission rates. For example, an integrated 
memory device Such as a dynamic random access memory 
(DRAM) includes both control terminals for receiving 
memory control signals, and data terminals for bi-directional 
data communication with an external system or processor. As 
data are transmitted at higher speeds between the DRAM 
external terminals, a better design of input/output drivers is 
needed to maintain desired electrical signaling levels. The 
output pins of the DRAM are conventionally connected to 
other circuit components by transmission lines. Ideally, input/ 
output drivers should be designed to improve control of the 
input/output resistance to prevent impedance mismatch in the 
transmission lines. 
0004 Conventionally, circuits are integrated into an out 
put driver of a memory system to improve communication 
speeds and reliability. Variations in process, Voltage, tempera 
ture and other factors may cause the output drivers to over 
shoot or undershoot desired signal levels. Consequently, the 
impedance mismatch of the output driver results in reduced 
timing and Voltage margins that impact signal integrity. 
Therefore, calibration circuits are designed with adjustment 
transistors for applying adjustment signals to the output 
driver to properly match the output impedance. Data is trans 
ferred more successfully and reflection is minimized when 
the output driver is designed to better match the required 
output impedance. 
0005. A conventional digital calibration circuit 100 used 
by an output driver in DRAM is shown in FIG. 1. A PMOS 
transistor 105 having a source coupled to a Voltage Supply 
includes a drain coupled to the sources of a plurality of PMOS 
transistors 110 and a resistor 115 in parallel. The drains of the 
PMOS transistors 110 are coupled to an external resistor 125, 
which forms a voltage divider whose output is at node 120. 
The voltage divider replicates a pull-up circuit of the output 
driver in series with a constant external impedance repre 
sented by the resistor 125. During calibration, the PMOS 
transistors 110 provide adjustments to the output voltage ZQ. 
which will be further described later. The output voltage ZQ 
of the voltage divider at node 120 and a reference voltage 
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signal V are connected to the inputs of a differential com 
parator 130. The outputs of the differential comparator 130 
are then connected to a filter 135. The output of the filter 135 
is in turn coupled to a binary search circuit 140 that generates 
adjustment signals P-0:mid based on the filtered signals 
from the filter 135. The adjustment signals P-0:mid are 
then returned to the adjustment transistors 110 in a feedback 
loop to update or adjust the output Voltage ZQ until it is 
approximately equal to V. The adjustment transistors 110. 
the filter 135 and the binary search circuit 140 will now be 
described in detail. 

0006. As explained, the voltage divider configuration of 
the calibration circuit 100 is designed to replicate a pull-up 
circuit of the output driver to determine the proper adjustment 
for matching the pull-up output impedance. In operation, the 
gate of the PMOS transistor 105 is coupled to ground to keep 
the PMOS transistor 105 constantly turned ON in order to 
mimic the pull-up circuit of the output driver when in opera 
tion to calculate the adjustment signal for calibrating the 
pull-up output impedance. The PMOS transistor 105, when 
turned ON, couples the adjustment transistors 110 and resis 
tor 115 to the Voltage Supply V. Each adjustment transistor 
110 is designed to have twice the width of the preceding 
transistor of the parallel configuration. The parallel configu 
ration of the adjustment transistors 110 has a total transistor 
width, and hence a conductance, of 2"*W, where m+1 rep 
resents the total number of transistors and We represents the 
width of the first transistor. Each adjustment transistor 110 
provides an adjustment step to the output Voltage ZQ when 
selected. 

0007. The adjustment transistors are selected when the 
gate of the transistor 110 receives a LOW P-0:mid signal 
assignment for that particular transistor 110 from the adjust 
ment signal P-0:mid provided by the binary searcher 135. 
Adjustment transistors 110 are selected according to the 
adjustment signal P-0:mid in a feedback configuration 
from the binary searcher 140 after a comparison is made 
between the output Voltage ZQ to the reference Voltage signal 
V, and an adjustment is calculated. The reference Voltage 
signal V is typically set to VCC/2. The comparator 130 
generates two output signals, V and V, having three pos 
sible states as a result of the comparison. When the input 
Voltages ZQ and V are comparable and cannot be distin 
guished, the comparator 130 makes V and V both either 
high or low, depending on the design of the comparator 130. 
If the output Voltage ZQ is less than V, then the compara 
tor 130 makes V high and V. low. If the output voltage ZQ is 
greater than V, then the comparator 130 makes V low and 
V high. Due to noise and other limitations of the comparator 
130, the output signals V and V may not stabilize to a 
particular state within the allotted time by the comparator, 
although statistically they represent a particular state. 
0008. The signals V and V are sent to the filter 135 so 
that the particular states of the output signals V and V may 
be sufficiently resolved. As a consequence of noise and the 
finite response time of the comparator 130, V and V may 
not settle on a particular state although statistically they rep 
resent a particular state. The filter 135 is designed to deter 
mine the correct state represented by VandV. The filter 135 
has predetermined threshold values and a pre-defined time to 
reach the threshold values, and provides a signal to the binary 
searcher 140 indicating whether V is greater than or less than 
V, based on which predetermined threshold value is reached 
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first. If neither of the threshold values are reached after the 
pre-defined time, the filter 135 signals to the binary searcher 
140 that V equals V. 
0009. The binary searcher 140 makes a decision to either 
stop the calibration or adjust the adjustment signals P -m: 
0> based on the resulting signal from the filter 135. As further 
calibration of the adjustment signal P-m:0> is needed, the 
binary searcher 140 generates a control signal to iteratively 
adjusts the signals P -m:0> by a particular step size that 
depends on the selected combination of adjustment transis 
tors 110. Initially, the binary searcher 140 begins the calibra 
tion by instructing the last adjustment transistor to turn ON, 
generating a signal P-ma whose width is approximately 
half of the total width of adjustment transistors, /2(2"*W). 
From this midpoint, the binary searcher 140 may provide 
further instructions to adjust upward or downward in iterative 
steps to calibrate the Voltage output ZQas close as possible to 
the reference V. With each iteration, the step size is 
reduced by half the width of the previous step. For example, 
if the first iteration turns ON adjustment transistors 110 hav 
ing a width 2"*W, then the second iteration will turn ON 
adjustment transistors 110 having a width of /2(2'W), the 
third iteration will turn ON transistors having a width of 
/4(2'W), and so forth. Since there are a total of m+1 
transistors 110, each set of adjustments are limited by a total 
of m steps, with the end objective being to match the output 
Voltage ZQ as closely as possible to the reference Voltage 
V. The binary searcher 140 adjusts the adjustment signal 
P<m:0> Such that when it stops, the ZQ Voltage equals or 
approximates V, and accordingly, the resistance of the 
replicated pull-up circuit of the driver equals or approximates 
the external resistance of resister 125. If after m steps, the 
adjustment signal P-m:0> requires further calibration, the 
binary searcher 140 repeats the iterative steps, starting once 
again from the midpoint until the ZO Voltage is closely 
matched to V or the searcher finishes in steps. The final 
adjustment signal P-m:0> is then provided to the output 
driver for properly adjusting the output impedance. 
0010 Although the calibration circuit 100 sufficiently 
matches the output impedance of the output driver to the 
impedance of the resistor 125, the filtering time of the filter 
135 may be unnecessarily long for evaluating ZQ and V. 
signals. In the case of when the difference in magnitude 
between the Voltage ZQ and the Voltage V is large, the 
threshold values are likely determinable irrespective of noise 
and other minor interferences, therefore the signals may be 
assessed without significant filtering. One problem with the 
conventional calibration circuit 100 is the filter 135 and the 
binary search 140 do not discriminate between when the 
difference in magnitude of the ZO and V. Voltages are large 
or small. In the conventional calibration circuit 100, the filter 
135 is induced to unnecessarily filter signals whose states are 
determinable, and therefore prolonging the calibration time. 
0011. Another problem associated with the conventional 
calibration circuit 100 is that excessive over-compensation 
may occur as the binary searcher 140 iteratively adjusts the 
adjustment signal P-m:0> by a particular step size that 
may be larger than the difference in magnitude of ZQ and 
V. Additionally, the binary searcher 140 may be forced to 
excessively repeat the iterative process until a sufficient 
adjustment is determined due to over-compensation, which 
results in further delays. For ZQ and V. Voltages whose 
magnitudes are closer together, it is not necessary to make 
adjustments with large step sizes that only results in over 
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compensation. Typically over-compensated adjustments 
require recalibration and re-adjustments, and unnecessarily 
prolongs the overall calibration time of the system. 
0012. Although the problems and limitations described 
above have been explained in the context of the pull-up cir 
cuitry of a driver, it should be understood that calibration 
circuits for calibrating the output impedance of pull-down 
circuitry using NMOS transistors are also subject to the same 
limitations and problems. There is therefore a need for a more 
efficient calibration circuit capable of more quickly detecting 
the difference in magnitude between the output voltage ZQ 
and the reference Voltage V to adjust the step size accord 
ingly, thereby reducing the overall calibration time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a schematic drawing of a conventional 
calibration circuit. 
0014 FIG. 2 is a block diagram of a calibration circuit 
according to an embodiment of the invention. 
0015 FIG.3 is a schematic drawing of a calibration circuit 
according to an embodiment of the invention of FIG. 2. 
0016 FIG. 4 is a flow diagram illustrating the operation of 
a binary searcher in the calibration circuit of FIG.2 according 
to an embodiment of the invention. 
0017 FIG. 5 is a schematic drawing of a calibration circuit 
according to another embodiment of the invention of FIG. 2. 
0018 FIG. 6 is a schematic drawing of a calibration circuit 
according to another embodiment of the invention of FIG. 2. 
(0019 FIG. 7 is a block diagram of an output driver receiv 
ing adjusted impedance calibration signals according to an 
embodiment of the invention. 
0020 FIG. 8 is a schematic drawing of an output driver of 
FIG. 7 receiving adjusted impedance calibration signals 
according to another embodiment of the invention. 
0021 FIG. 9 is a functional block diagram illustrating a 
memory device including a calibration circuit according to an 
embodiment of the invention. 
0022 FIG. 10 is a functional block diagram illustrating a 
computer system including the memory device of FIG. 9. 

DETAILED DESCRIPTION 

0023 Embodiments of the present invention are directed 
to circuits providing adjustments to match the impedance of 
an externally accessible output terminal. Certain details are 
set forth below to provide a sufficient understanding of the 
invention. However, it will be clear to one skilled in the art 
that the invention may be practiced without these particular 
details. In other instances, well-known circuits, control sig 
nals, and timing protocols have not been shown in detail in 
order to avoid unnecessarily obscuring the invention. 
0024 FIG. 2 shows a simplified block diagram of a cali 
bration circuit 200 according to one embodiment of the inven 
tion, which may be adapted for an output driver to provide an 
impedance adjustment signal to match the driver to the 
impedance of external output terminals. The calibration cir 
cuit 200 includes a duplicate driver 201 like the circuit shown 
in FIG.1, replicating the actual output driver to which imped 
ance adjustment signals will be provided. The replica driver 
201 outputs a Voltage signal ZQ. mimicking the output signal 
DQ of the actual output driver as explained with reference to 
FIG. 1. A comparator 230 receives the voltage signal ZQ to 
compare to a reference Voltage V. AS in the conventional 
comparator 130 of FIG. 1, the comparator 230 generates two 
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output signals V and V having three possible states. If the 
output voltage ZQ is less than V, then the comparator 230 
makes V high and V. low. If the output Voltage ZQ is greater 
than V, then the comparator 230 makes V low and V. 
high. If the magnitudes of ZQ and V are so similar or 
substantially the same, then the comparator 230 makes V 
and V, both either low or high. Additionally, the comparator 
circuit 230 is designed to compare the signal ZO to a Voltage 
above the reference Voltage, V+DELTA, and a Voltage 
below the reference voltage, V-DELTA, to determine the 
extent to which the signal ZQ differs from the reference 
Voltage V. The comparator 230 then provides signals V 
and V to a controller 233, and the voltage signals V and V. 
to a filter 235, as a result of the comparison. 
0025. As described, the controller 233 receives the signals 
V" and V after the comparator circuit 230 determines how 
closely the magnitude of signal ZQ compares to reference 
Voltages above and below the reference V. The controller 
233 then sends a control signal COUNT to the filter 235, 
instructing the filter 235 how to assess the signals V and V. 
If V and Vare HIGH, then the controller 233 indicates to the 
filter 235 that ZQ is less than V-DELTA, which does not 
require filtering since ZQ is definitively smaller than V. If 
V and V are LOW, then the controller indicates to the filter 
235 that ZQ is greater than V+DELTA, which also 
requires no filtering since ZQ is definitively greater than 
V. If V* is HIGH and V is LOW, then the state of the 
signal ZQ is somewhere in the middle range, where ZO is 
greater than V-DELTA but less than V+DELTA. 
When ZQ is greater than V-DELTA but less than V+ 
DELTA, the signal ZQ may be undeterminable due to noise 
and other interferences as previously described. The control 
ler 233 then instructs the filter 235 to proceed with the normal 
filtering process, and the received signals from the compara 
tor circuit 230 are filtered in the same manner as the conven 
tional filter 130 functions to determine the particular states of 
the output signals V and V. The controller 233 reduces the 
overall calibration time by instructing the filter 235 when to 
filter the received signals, and bypassing the filtering step 
when ZQ is significantly greater than or less than the refer 
ence Voltage V. Alternatively, the controller 233 may be 
designed to send the control signal COUNT directly to the 
improved binary searcher 240 instead of having all its control 
signals first pass through the filter 235. 
0026. Similar to the conventional binary searcher 135 of 
FIG. 1, the binary searcher 240 determines whether to cali 
brate the voltage output ZQ or to stop the calibration depend 
ing on the signal received from the filter 235. The binary 
searcher 240 of FIG. 2, however, is enabled to generate 
adjustment signals for using different adjustment step sizes 
depending on the difference in magnitude between the output 
Voltage ZQ and reference Voltage V assessed by the con 
troller 233 and filter 235. When the voltage signal ZQ is 
significantly greater than or less than V (condition in 
which signals V and V received by the controller 233 are 
both HIGH or both LOW), the binary searcher 240 functions 
in the same manner as the conventional binary searcher 140 of 
FIG. 1, and uses relatively large step sizes. When the magni 
tude of ZQ is close in magnitude to V, where ZO is greater 
than V-DELTA but less thanV+DELTA, the improved 
binary searcher 235 adjusts the signal at most twice with 
Smaller step sizes. The Smaller step size adjustments prevent 
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the calibration circuit 200 from over-compensating the 
adjustment, and avoid the need to re-calibrate the signal due 
to the over-compensation. 
0027. The binary searcher 240 checks the adjustments that 
were updated on the adjustment signal P-0:mid by feeding 
the adjustment signal back to the duplicate driver 201 for 
another comparison. The binary searcher 240 continues to 
return the adjustment signal back to the duplicate circuit 201 
until the output signal ZQ matches the reference V and a 
final adjustment signal P-0:mid is ready to be sent to the 
actual output driver (not shown). Although the adjustment 
signal P-0:md of the pull-up driver using PMOS transis 
tors has been described in detail, the calibration circuit 200 
may be adapted to replicate a pull-down circuit of the output 
driver using NMOS transistors and generate an adjustment 
signal to calibrate the pull-down impedance of the driver. 
0028 FIG.3 shows, schematically, an embodiment of cir 
cuitry that may be used in the calibration circuit 200 of FIG. 
2. A calibration circuit 300 includes a replica of the pull-up 
circuit of an output driver having essentially the same com 
ponents as the pull-up circuit of the conventional calibration 
circuit 100 of FIG. 1. In the interest of brevity, these same 
components will not be described again in detail. The cali 
bration circuit 300 also includes three comparators 322,326, 
328 for comparing the output signal ZQ to the reference 
Voltage V, and to Voltages above and below the reference 
Voltage V. The comparator 322 compares ZQ to a Voltage 
V+DELTA, that is above the reference Voltage V by 
DELTA, and outputs a voltage V" as a result of the compari 
son. The comparator 326 compares ZQ to a Voltage V 
DELTA, that is below the reference voltage V by DELTA, 
and outputs a Voltage V as a result of the comparison. The 
voltage signals V and V are then sent to the controller 233 
to evaluate the difference in magnitude between the ZQ and 
V in the manner previously described. The comparator 
328 is essentially the same as the comparator 130, and com 
pares ZQ to the reference V to generate signals V and V. 
which are then provided to the filter 235. As previously 
described, if ZQ is greater or less than V by DELTA, then 
V and V are definitive and do not need to be filtered. Signals 
V and V are then processed for the binary searcher 240 to 
iteratively determine the necessary steps to generate the 
adjustment signal P-0:mid. If the magnitudes of ZQ and 
V are closer Such that ZQ is greater than V-DELTA 
but less than V+DELTA, then signals V and V are not 
definitive and are filtered by the filter 235 before instructions 
are sent to the binary searcher 240. Since the magnitude of ZQ 
and V are closer in value, the binary searcher 240 applies 
the Smaller adjustments of step sizes 2 and 1 to P-0:m> to 
avoid overcompensating the adjustment. The working prin 
ciple of the binary searcher 240 will now be described in more 
detail. 

0029. A flow diagram, shown in FIG.4, illustrates how the 
operation of the binary searcher 240 of FIG. 2 does not 
over-compensate the signal adjustments when the magnitude 
of the output Voltage ZQ and the reference Voltage V are 
close to each other. In other conditions, where ZQ is defini 
tively greater than or less than V, the binary searcher 240 
functions similarly to the convention binary searcher 140 of 
FIG. 1, which has been described in detail. However, when 
the filter 235 indicates ZQ is greater than V-DELTA but 
less than V+DELTA, due to the state of ZQ, the binary 
searcher 240 at box 460 expects one of three results from the 
filter 235 after received signals V and V are filtered: the 
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value of V is high and the value of V is low, the value of V 
is low and the value of V is high, or the value of V and V. 
may be indeterminable after a predefined time and the filter 
235 concludes that V equals V. If the filter 235 has 
exhausted the predefined time before either threshold value is 
reached, then the binary searcher 240 processes a No-Op 
operation, where the calibration is stopped at box 468 since 
V equals V, and therefore ZO is equal to V. Otherwise, 
the binary searcher 240 adjusts either V or V by two step 
sizes at box 462, and may additionally adjust either signal by 
another step size at box 464. Alternatively, depending on the 
signal from the filter 235, received signals V or V may need 
only the two step adjustment at 462 and then stopped indi 
cated by the No-Op to the stop box 468. The received signals 
may only need a one step size adjustmentatbox 466 for a finer 
adjustment, and then stopped at 468. The adjustments to V 
and V by the binary searcher 240 are preserved in the adjust 
ment signal P-0:mid, which is then sent to the actual 
output driver for adjusting the impedance. 
0030. The duplicate driver 201 of FIG.2 may additionally 
include a replica pull-down circuit 503 as shown in a calibra 
tion circuit 500 of FIG. 5. Once the pull-up resistance is 
matched to the external resistance 125, a pull-down resistance 
can be matched to the pull-up resistance using the pull-down 
circuit 503 and an adjusted pull-up circuit 502. The pull-up 
circuit 502 and the pull-down circuit 503 are configured to be 
a Voltage divider having an output voltage ZQ at node 520. 
The pull-up circuit 502 includes components that are the 
same as the adjustment transistors 110 and the resistor 115 of 
the replica pull-up circuit in FIG.3. The pull-down circuit 503 
is also designed with the same number of adjustment transis 
tors 110 in the pull-up circuit 502, except that all the pull 
down transistors 570 are NMOS and controlled by an adjust 
ment signal N-0: m> for adjusting the pull-down 
impedance of the driver. Similarly, the pull-down adjustment 
transistors 570 are connected in parallel to a resistor 518 that 
represents the output resistance of the actual drive held at a 
constant value for the purposes of calibration. The source of 
the adjustment transistors 570 are coupled to drain of an 
NMOS transistor 508, whose source is coupled to ground. 
The transistor 508 generally controls the operation of the 
pull-down adjustment transistors, but for the purposes of 
calibrating an adjustment signal, the transistor 508 is turned 
ONatall times by coupling the gate to the Voltage Supply. The 
calibration circuit 500 additionally includes three compara 
tors 322, 326, 328, the controller 233, the filter 235, and the 
binary searcher 240 that are essentially the same as those 
employed in the calibration circuit 300 of FIG. 3. In the 
interest of brevity, these elements will not be described again. 
For calibrating the pull-down impedance, the binary searcher 
240 generates the pull-down adjustment signal N-0:mid in 
essentially the same manner as the pull-up adjustment signal 
P-0.md. 
0031. In another embodiment of the calibration circuit 
200, FIG. 6 shows a calibration circuit 600 having the pull 
down circuit 503 coupled to an external resistor 625. The 
pull-down circuit 503 of FIG. 6 is the same pull-down circuit 
503 of FIG.5. The output impedance of pull-down circuit 503 
can be matched to any external resistance selected for the 
resistor 625. Additionally, the pull-down impedance can be 
matched to the external resistor 625 first and then matching 
the pull-up impedance to the matched pull-down impedance 
in reverse order of the calibration circuit 500 of FIG. 5. The 
external resistance 625 is connected to the pull-down circuit 
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503 to be a voltage divider having an output voltage ZQ at 
node 620. The calibration circuit 600 additionally includes 
three comparators 322,326,328, the controller 233, the filter 
235, and the binary searcher 240 that are essentially the same 
as those employed in the calibration circuit 300 of FIG. 3. 
0032 FIG. 7 is a block diagram depicting an output driver 
750 receiving adjusted impedance calibration signals 
P-0:mid and N-0:m> according to an embodiment of 
the invention. The output driver 750 is coupled to a pull-up 
calibration circuit 755, and receives the adjustment signal 
P-0:mid to properly match its pull-up impedance with the 
output impedance of an external terminal. The output driver 
750 is also coupled to a pull-down calibration circuit 756, and 
receives the adjustment signal N-0:mid for matching its 
pull-down impedance to the pull-up impedance already cali 
brated to the external impedance. The pull-up calibration 
circuit 755 may be the same as in the calibration circuit 300 of 
FIG. 3 and the pull-down calibration circuit 756 may be the 
same as in the calibration circuit 500 of FIG. 5. In response to 
a clock signal (not shown), the output driver 750 receives an 
input signal INPUT and a complimentary signal to INPUT, 
which represent data from memory or signals to initiate the 
operation for adjusting the driver impedance according to the 
adjustment signals P-0: md and N-0: md. and gener 
ating a properly matched output driver signal DQ. 
0033 FIG. 8 is a schematic of an output driver circuit 800 
which may be used as the output driver 750 of FIG. 7. The 
output driver circuit 800 includes a pull-up circuit 802 having 
PMOS adjustment transistors 810 and an output resistor 815 
configured similarly to the components of the replica pull-up 
circuit 503 of FIG. 5. The PMOS adjustment transistors 810 
are selected by the adjustment signal P-0:m> provided by 
the pull-up calibration circuit 755 (not shown) to calibrate the 
pull-up impedance of the driver circuit 800. The operation of 
the pull-up circuit 802 is controlled by a transistor 805 whose 
drain is coupled to the Voltage Supply VCC and source is 
coupled to the pull-up circuit 802. The gate of transistor 805 
is coupled to a signal that is complimentary to the input signal 
INPUT. The output driver circuit 800 also includes a pull 
down circuit 803 having NMOS adjustment transistors 870 
and an output resistor 818 configured similarly to the com 
ponents of the replica pull-down circuit 503. The NMOS 
adjustment transistors 870 are selected by the adjustment 
signal N-0:m> provided by the pull-down calibration cir 
cuit 756 (not shown) to calibrate the pull-down impedance of 
the driver circuit 800. Similarly to the pull-up circuit 802, the 
operation of the pull-down circuit 503 is controlled by an 
NMOS transistor808 whose drain is coupled to the pull-down 
circuit 803, source is coupled to ground, and when the gate of 
the transistor 808 receives the input signal INPUT. The pull 
up circuit 802 and the pull-down circuit 803 are arranged to 
form a Voltage divider to properly generate an output DQ at 
node 820 as a result of the output driver circuit 800 having the 
driver impedance properly matched. 
0034. Although the embodiments thus far have been 
described in the context of calibration circuits having replica 
drivers 502, 503 that resemble the structure of the output 
driver circuit 800, the calibration circuit 500 may be designed 
to be coupled directly to the actual driver circuits 802, 803, 
thereby eliminating the need of additional replica drivers 502, 
503. Moreover, the calibration circuits 300, 500 may be 
coupled external to the output driver circuit 800 or incorpo 
rated internal to the output driver circuit 800 within an inte 
grated memory device. 
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0035 FIG. 9 is a functional block diagram of a memory 
device 900 having drivers that include the calibration circuit 
200 of FIG. 2. The memory device 900 in FIG.9 is a double 
data rate (DDR) synchronous dynamic random access 
memory (“SDRAM), although the principles described 
herein are applicable to any memory device that may include 
a delay-locked loop for synchronizing internal and external 
signals, such as conventional synchronous DRAMs 
(SDRAMs), as well as packetized memory devices like 
SLDRAMs and RDRAMs, and are equally applicable to any 
integrated circuit that must synchronize internal and external 
clocking signals. 
0036. The memory device 900 includes an address register 
902 that receives row, column, and bank addresses over an 
address bus ADDR, with a memory controller (not shown) 
typically supplying the addresses. The address register 902 
receives a row address and a bank address that are applied to 
a row address multiplexer 904 and bank control logic circuit 
906, respectively. The row address multiplexer 904 applies 
either the row address received from the address register 902 
or a refresh row address from a refresh counter 908 to a 
plurality of row address latch and decoders 910A-D. The 
bank control logic 906 activates the row address latch and 
decoder 910A-D corresponding to either the bank address 
received from the address register 902 or a refresh bank 
address from the refresh counter 908, and the activated row 
address latch and decoder latches and decodes the received 
row address. A refresh timer 909 may be coupled to the 
refresh counter 908 to synchronize refresh operations with 
the decoders 910A-D and the bank control logic 906. In 
response to the decoded row address, the activated row 
address latch and decoder 910A-D applies various signals to 
a corresponding memory bank 912A-D to activate a row of 
memory cells corresponding to the decoded row address. 
Each memory bank 912A-D includes a memory-cell array 
having a plurality of memory cells arranged in rows and 
columns, and the data stored in the memory cells in the 
activated row is stored in sense amplifiers in the correspond 
ing memory bank. The row address multiplexer 904 applies 
the refresh row address from the refresh counter 908 to the 
decoders 910A-D and the bank control logic circuit 906 uses 
the refresh bank address from the refresh counter 908 when 
the memory device 900 operates in an auto-refresh or self 
refresh mode of operation in response to an auto- or self 
refresh command being applied to the memory device 900, as 
will be appreciated by those of ordinary skill in the art. 
0037. A column address is applied on the ADDR bus after 
the row and bank addresses, and the address register 902 
applies the column address to a column address counter and 
latch 914 which, in turn, latches the column address and 
applies the latched column address to a plurality of column 
decoders 916A-D. The bank control logic 906 activates the 
column decoder 916A-D corresponding to the received bank 
address, and the activated column decoder decodes the 
applied column address. Depending on the operating mode of 
the memory device 900, the column address counter and latch 
914 either directly applies the latched column address to the 
decoders 916A-D, or applies a sequence of column addresses 
to the decoders starting at the column address provided by the 
address register 902. In response to the column address from 
the counter and latch 914, the activated column decoder 
916A-D applies decode and control signals to an I/O gating 
and data masking circuit 918 which, in turn, accesses memory 
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cells corresponding to the decoded column address in the 
activated row of memory cells in the memory bank 912A-D 
being accessed. 
0038. During data read operations, data being read from 
the addressed memory cells is coupled through the I/O gating 
and data masking circuit 918 to a read latch 920. The I/O 
gating and data masking circuit 918 Supplies N bits of data to 
the read latch920, which then applies two N/2 bit words to a 
multiplexer 922. A data driver 924 sequentially receives the 
N/2 bit words from the multiplexer 922 and also receives a 
data strobesignal DQS from a strobe signal generator 926 and 
a delayed clock signal CLKDEL from the delay-locked loop 
923. The DQS signal is used by an external circuit such as a 
memory controller (not shown) in latching data from the 
memory device 900 during read operations. In response to the 
delayed clock signal CLKDEL, the data driver 924 sequen 
tially outputs the received N/2 bits words as a corresponding 
data word DQ, each data word being output in Synchronism 
with a rising or falling edge of a CLK signal that is applied to 
clock the memory device 900. The data driver 924 is coupled 
to a calibration circuit 925 to match the impedance of the data 
driver 924 to an external circuit to more accurately drive the 
data DQ to external terminals. The data driver 924 also out 
puts the data strobe signal DQS having rising and falling 
edges in Synchronism with rising and falling edges of the 
CLK signal, respectively. Each data word DQ and the data 
strobe signal DQS collectively define a data bus DATA. As 
will be appreciated by those skilled in the art, the CLKDEL 
signal from the delay-locked loop 923 is a delayed version of 
the CLK signal, and the delay-locked loop 923 adjusts the 
delay of the CLKDEL signal relative to the CLK signal to 
ensure that the DQS signal and the DQ words are placed on 
the DATA bus in synchronism with the CLK signal. The 
DATA bus also includes masking signals DMO-M, which will 
be described in more detail below with reference to data write 
operations. 
0039. During data write operations, an external circuit 
such as a memory controller (not shown) applies N/2 bit data 
words DQ, the strobe signal DQS, and corresponding data 
masking signals DM0-X on the data bus DATA. A data 
receiver 928 receives each DQ word and the associated 
DM0-X signals, and applies these signals to input registers 
930 that are clocked by the DQS signal. In response to a rising 
edge of the DQS signal, the input registers 930 latch a first N/2 
bit DQ word and the associated DMO-X signals, and in 
response to a falling edge of the DQS signal the input registers 
latch the second N/2 bit DQ word and associated DM0-X 
signals. The input register 930 provides the two latched N/2 
bit DQ words as an N-bit word to a write FIFO and driver 932, 
which clocks the applied DQ word and DMO-X signals into 
the write FIFO and driver in response to the DQS signal. The 
DQ word is clocked out of the write FIFO and driver 932 in 
response to the CLK signal, and is applied to the I/O gating 
and masking circuit 918. The I/O gating and masking circuit 
918 transfers the DQ word to the addressed memory cells in 
the accessed bank 912A-D subject to the DMO-X signals, 
which may be used to selectively mask bits or groups of bits 
in the DQ words (i.e., in the write data) being written to the 
addressed memory cells. 
0040. A control logic and command decoder 934 receives 
a plurality of command and clocking signals over a control 
bus CONT, from, for example, an external circuit such as a 
memory controller (not shown). The command signals 
include a chip select signal CS*, a write enable signal WE*, 
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a column address strobe signal CAS, and a row address 
strobe signal RAS*, while the clocking signals include a 
clock enable signal CKE* and complementary clock signals 
CLK, CLK, with the “” designating a signal as being active 
low. The command signals CS*, WE*, CAS*, and RAS* are 
driven to values corresponding to a particular command. Such 
as a read, write, or auto-refresh command. In response to the 
clock signals CLK, CLK*, the command decoder 534 latches 
and decodes an applied command, and generates a sequence 
of clocking and control signals that control the components 
902-932 to execute the function of the applied command. The 
clock enable signal CKE enables clocking of the command 
decoder 934 by the clock signals CLK, CLK*. The command 
decoder 934 latches command and address signals at positive 
edges of the CLK, CLK signals (i.e., the crossing point of 
CLK going high and CLK going low), while the input reg 
isters 930 and data drivers 924 transfer data into and from, 
respectively, the memory device 900 in response to both 
edges of the data strobe signal DQS and thus at double the 
frequency of the clock signals CLK, CLK*. This is true 
because the DQS signal has the same frequency as the CLK, 
CLK* signals. The memory device 900 is referred to as a 
double-data-rate device because the data words DQ being 
transferred to and from the device are transferred at double 
the rate of a conventional SDRAM, which transfers data at a 
rate corresponding to the frequency of the applied clock sig 
nal. The detailed operation of the control logic and command 
decoder 934 in generating the control and timing signals is 
conventional, and thus, for the sake of brevity, will not be 
described in more detail. 
0041 FIG. 10 is a block diagram of a computer system 
1000 including computer circuitry 1002 including the 
memory device 900 of FIG. 9. Typically, the computer cir 
cuitry 1002 is coupled through address, data, and control 
buses to the memory device 900 to provide for writing data to 
and reading data from the memory device. The computer 
circuitry 1002 includes circuitry for performing various com 
puting functions, such as executing specific Software to per 
form specific calculations or tasks. In addition, the computer 
system 1000 includes one or more input devices 1004, such as 
a keyboard or a mouse, coupled to the computer circuitry 
1002 to allow an operator to interface with the computer 
system. The computer system 1000 may also include one or 
more output devices 1006 coupled to the computer circuitry 
1002, such as a printer and a video terminal. One or more data 
storage devices 1008 may also be coupled to the computer 
circuitry 1002 to store data or retrieve data from external 
storage media (not shown). Examples of conventional storage 
devices 1008 include hard and floppy disks, tape cassettes, 
compact disk read-only (CD-ROMs) and compact disk read 
write (CD-RW) memories, and digital video disks (DVDs). 
0042. From the foregoing it will be appreciated that, 
although specific embodiments of the invention have been 
described herein for purposes of illustration, various modifi 
cations may be made without deviating from the spirit and 
Scope of the invention. For example, many of the components 
described above may be implemented using either digital or 
analog circuitry, or a combination of both. Accordingly, the 
invention is not limited except as by the appended claims. 

1. A calibration circuit comprising: 
a driver circuit having a plurality of calibration transistors 

configured to receive a plurality of adjustment signals, 
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the driver circuit operable to generate a first output sig 
nal having a value corresponding to the plurality of 
adjustment signals; 

a comparator circuit coupled to the driver circuit to receive 
the first output signal, the comparator circuit operable to 
generate a first control signal determined by the differ 
ence between the value of the first output signal and a 
predetermined value, and the comparator circuit further 
operable to generate a second control signal determined 
by whether the first output signal is greater than the 
predetermined value; and 

a binary searcher coupled to receive the first and second 
control signals, and operable to select either a relatively 
larger binary step count or a relatively smaller binary 
step count in response to the first control signal and 
determine the upwards or downwards direction of the 
Selected binary step count in response to the second 
control signal, the binary searcher further operable to 
adjust the plurality of calibration transistors in accor 
dance with the selected binary step count and in the 
selected direction of the count. 

2-64. (canceled) 
65. The calibration circuit of claim 1 wherein the binary 

searcher is further configured to select a relatively larger step 
size if the value of the first output signal is greater than a 
predetermined threshold value and to select a relatively 
smaller step size if the value of the first output signal is less 
than the predetermined threshold value. 

66. The calibration circuit of claim 1 wherein the driver 
circuit further comprises a pull-up circuit to adjust a pull-up 
impedance of the driver. 

67. The calibration circuit of claim 1 wherein the driver 
circuit is further configured to replicate a pull-up circuit of an 
output driver and to use the replicated pull-up circuit to cali 
brate the output driver. 

68. The calibration circuit of claim 1 wherein the driver 
circuit further comprises a pull-down circuit to adjust a pull 
down impedance of the driver. 

69. The calibration circuit of claim 1 wherein the driver 
circuit is further configured to replicate a pull-down circuit of 
an output driver and to use the replicated pull-down circuit to 
calibrate the output driver. 

70. A memory device, comprising: 
an address bus; 
a control bus; 
a data bus; 
an address decoder coupled to the address bus; 
a read/write circuit coupled to the control bus; 
an array of memory cells coupled to the address decoder, 

control circuit, and read/write circuit; 
an output driver circuit for outputting data read from the 

array of memory cells; and 
a calibration circuit for a driver comprising: 

a driver circuit having a plurality of calibration transis 
tors configured to receive a plurality of adjustment 
signals, the driver circuit operable to generate a first 
output signal having a value corresponding to the 
plurality of adjustment signals; 

a comparator circuit coupled to the driver circuit to 
receive the first output signal, the comparator circuit 
operable to generate a first control signal determined 
by the difference between the value of the first output 
signal and a predetermined value, and the comparator 
circuit further operable to generate a second control 
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signal determined by whether the first output signal is 
greater than the predetermined value; and 

a binary searcher coupled to receive the first and second 
control signals, and operable to select either a rela 
tively larger binary step count or a relatively smaller 
binary step count in response to the first control signal 
and determine the upwards or downwards direction of 
the selected binary step count in response to the sec 
ond control signal, the binary searcher further oper 
able to adjust the plurality of calibration transistors in 
accordance with the selected binary step count and in 
the selected direction of the count. 

71. The memory device of claim 70 wherein the compara 
tor circuit further comprises a filter configured to receive the 
first output signal and operable to determine whether the first 
output signal is greater than, less than or equal to the prede 
termined value, and further configured to determine the 
binary state of first output signal. 

72. The memory device of claim 70 wherein the driver 
circuit further comprises a pull-up circuit to adjust a pull-up 
impedance of the driver. 

73. The memory device of claim 70 wherein the driver 
circuit is further configured to replicate a pull-up circuit of an 
output driver and to use the replicated pull-up circuit to cali 
brate the output driver. 

74. A computer system, comprising: 
a data input device; 
a data output device; 
a processor coupled to the data input and output devices; 

and 
a memory device coupled to the processor, the memory 

device comprising: 
an address bus; 
a control bus; 
a data bus; 
an address decoder coupled to the address bus; 
a read/write circuit coupled to the control bus; 
an array of memory cells coupled to the address decoder, 

control circuit, and read/write circuit; 
an output driver circuit for outputting data read from the 

array of memory cells; and 
a calibration circuit for a driver comprising: 

a driver circuit having a plurality of calibration tran 
sistors configured to receive a plurality of adjust 
ment signals, the driver circuit operable to generate 
a first output signal having a value corresponding to 
the plurality of adjustment signals; 

a comparator circuit coupled to the driver circuit to 
receive the first output signal, the comparator cir 
cuit operable to generate a first control signal deter 
mined by the difference between the value of the 
first output signal and a predetermined value, and 
the comparator circuit further operable to generate 
a second control signal determined by whether the 
first output signal is greater than the predetermined 
value; and 

a binary searcher coupled to receive the first and sec 
ond control signals, and operable to select either a 
relatively larger binary step count or a relatively 
Smaller binary step count in response to the first 
control signal and determine the upwards or down 
wards direction of the selected binary step count in 
response to the second control signal, the binary 
searcher further operable to adjust the plurality of 
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calibration transistors in accordance with the 
Selected binary step count and in the selected direc 
tion of the count. 

75. The computer system of claim 74 wherein the driver 
circuit further comprises a pull-up circuit to adjust a pull-up 
impedance of the driver. 

76. The computer system of claim 74 wherein the driver 
circuit is further configured to replicate a pull-up circuit of an 
output driver and to use the replicated pull-up circuit to cali 
brate the output driver. 

77. The computer system of claim 74 wherein the driver 
circuit further comprises a pull-down circuit to adjust a pull 
down impedance of the driver. 

78. The computer system of claim 74 wherein the driver 
circuit is further configured to replicate a pull-down circuit of 
an output driver and to use the replicated pull-down circuit to 
calibrate the output driver 

79. A method for calibrating a driver, the method compris 
ing: 

comparing the output impedance of a driver to a target 
output impedance to determine if the output impedance 
is within a range of the target output impedance; 

adjusting the output impedance using a first adjustment 
type if the output impedance is within the predetermined 
range of the target impedance; and 

adjusting the output impedance of the driver using a second 
adjustment type if the output impedance is outside the 
predetermined range of the target impedance. 

80. The method of claim 79 wherein comparing the output 
impedance of a driver to a target output impedance further 
comprises: 

comparing the output impedance of a driver to a value 
above the target output impedance; 

comparing the output impedance of the driver to a value 
below the target output impedance; 

comparing the output impedance of the driver to the target 
output impedance; and 

calculating an adjustment signal to adjust the output 
impedance of the driver to best match the target output 
impedance. 

81. The method of claim 79 wherein comparing the output 
impedance of a driver to a target output impedance further 
comprises determining the value of the difference in magni 
tude between the output impedance of the driver and the target 
output impedance. 

82. The method of claim 81 wherein adjusting the output 
impedance using a first adjustment type comprises counting a 
number of binary steps, and wherein adjusting the output 
impedance of the driver using a second adjustment type com 
prises counting a number of binary Substeps in Smaller incre 
ments than the binary steps. 

83. The method of claim 79 further comprising using a 
replicate pull-down circuit of an output driver for generating 
a calibration signal to apply to an actual output driver 

84. A method for calibrating a driver, the method compris 
ing: 

comparing the output impedance of the driver to a target 
output impedance to determine if the output impedance 
is within a first range of the target output impedance or a 
second range of the target output impedance; 

adjusting the output impedance of the driverinbinary steps 
if the output impedance is within a first range of the 
target output impedance; 
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adjusting the output impedance of the driver in binary 
Substeps if the output impedance is within a second 
range of the target output impedance; 

repeating at least one comparison and adjustment of the 
output impedance of the driver to a target output imped 
ance; and 

outputting a final impedance of the driver based on the at 
least one comparison. 

85. The method of claim 84 wherein comparing the output 
impedance of a driver to a target output impedance further 
comprises: 

comparing the output impedance of a driver to a value 
above the target output impedance; 

comparing the output impedance of the driver to a value 
below the target output impedance; 

comparing the output impedance of the driver to the target 
output impedance; and 
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calculating an adjustment signal to adjust the output 
impedance of the driver to best match the target output 
impedance. 

86. The method of claim 84 wherein comparing the output 
impedance of a driver to a target output impedance further 
comprises determining the value of the difference in magni 
tude between the output impedance of the driver and the target 
output impedance. 

87. The method of claim 84 further comprising using a 
replicate pull-down circuit of an output driver for generating 
a calibration signal to apply to an actual output driver. 

88. The method of claim 84 further comprising using a 
replicate pull-up circuit of an output driver for generating a 
calibration signal to apply to an actual output driver. 

c c c c c 


